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Thermosynechococcus elongatusThe sensitivity to high light conditions of Photosystem II with either PsbA1 (WT*1) or PsbA3 (WT*3) as the
D1 protein was studied in whole cells of the thermophilic cyanobacterium Thermosynechococcus elongatus.
When the cells are cultivated under high light conditions the following results were found: (i) The O2 evolu-
tion activity decreases faster in WT*1 cells than in WT*3 cells both in the absence and in the presence of
lincomycin, a protein synthesis inhibitor; (ii) In WT*1 cells, the rate constant for the decrease of the O2 evo-
lution activity is comparable in the presence and in the absence of lincomycin; (iii) The D1 content revealed
by western blot analysis decays similarly in both WT*1 and WT*3 cells and much slowly than O2 evolution;
(iv) The faster decrease in O2 evolution in WT*1 than in WT*3 cells correlates with a much faster inhibition
of the S2-state formation; (v) The shape of the WT*1 cells is altered. All these results are in agreement with a
photo-inhibition process resulting in the loss of the O2 activity much faster than the D1 turnover in PsbA1-
PSII and likely to a greater production of reactive oxygen species under high light conditions in WT*1 than
in WT*3. This latter result is discussed in view of the known effects of the PsbA1 to PsbA3 substitution on
the redox properties of the Photosystem II cofactors. The observation that under low light conditions WT*3
cells are able to express the psbA3 gene, whereas under similar conditions wild type cells are expressing
mainly the psbA1 gene is also discussed. This article is part of a Special Issue entitled: Photosynthesis Research
for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PSII) catalyzes the light-driven water oxidation
and plastoquinone reduction in cyanobacteria, algae and plants. In
cyanobacteria, the oxygen evolving PSII consists of a membranous
complex with 20 protein subunits, 17 of which are membrane-
spanning proteins and 3 of which are extrinsic proteins. In the recent
reﬁned three-dimensional X-ray structures from 3.5 to 1.9 Å resolu-
tion using PSII core complex isolated from the thermophilic cyano-
bacteria Thermosynechococcus elongatus [1,2] or Thermosynechococcus
vulcanus [3] the PSII complex is organized in dimers. A PSII monomer
involves 35 chlorophyll molecules, 2 pheophytin molecules, 2 hemes,
1 non-heme iron, a Mn4CaO5 cluster and at least 2 quinones, 12
carotenoid molecules and 25 lipids. In the 1.9 Å resolution structure,hesis Research for Sustainability:
Technology Research Center,
-8577, Japan. Tel./fax: +81 89
giura).
l rights reserved.two chloride-binding sites were also localized at about 7 Å from the
Mn4CaO5 cluster [3] in agreement with earlier studies [4,5].
Absorption of a photon by a chlorophyll molecule is followed by the
transfer of the exciton to the photochemical trap and the consecutive
formation of a radical pair in which the pheophytin molecule, PheoD1,
is reduced and the chlorophyll molecule, ChlD1, is oxidized [6–8]. The
positive charge is then stabilized on P680, a weakly coupled chlorophyll
dimer. P680•+ oxidizes a tyrosine residue of the D1 polypeptide, TyrZ,
which in turn oxidizes the Mn4CaO5 cluster. The pheophytin anion
(PheoD1•−) transfers the electron to the primary quinone electron ac-
ceptor, QA, which in turn reduces a second quinone, QB. The plastoqui-
none 9 QA is tightly bound and acts as a one-electron carrier whereas
the plastoquinone 9 QB acts as a two-electron and two-proton acceptor
with a stable semiquinone intermediate, QB•−. While the QB•− semiqui-
none state is tightly bound, its quinone and quinol forms are exchange-
able with the quinone pool in the thylakoid membrane [9–13].
The Mn4CaO5 cluster is the active site for water oxidation. This
device accumulates the four oxidizing equivalents required to split
water into dioxygen. During the enzyme cycle, the oxidizing side of
PSII goes through ﬁve sequential redox states, denoted Sn where n
varies from 0 to 4 upon the absorption of 4 photons [14,15]. Upon
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O2 is released and the S0-state is regenerated.
The Mn4CaO5 cluster interacts with amino acid residues from D1
and CP43 [3]. All the other cofactors in charge of the photosynthetic
electron transport are bound to amino acid residues of the D1 and
D2 subunits. The redox active Tyr residues, TyrZ and TyrD, correspond
to the D1–161 and D2–160 amino acids, respectively.
Cyanobacterial species have multiple psbA variants [16–19], and
these different genes coding for the D1 protein are known to be dif-
ferentially expressed depending on the environmental conditions
[16–27] (discussed in [28]). In particular, the speciﬁc up-regulation
of one of these genes under high light conditions points to a role of
this response in the overall photo-protection process. For instance,
the mesophilic cyanobacterium, Synechocystis PCC 6803, has three
psbA genes. Two of them (psbAII and psbAIII) produce an identical
D1. Nevertheless, psbAII is expressed under the normal cultivation
conditions, whereas psbAIII is expressed when the cells are exposed
to either high light or UV light [23] and psbAI under microaerobic con-
ditions [29]. The thermophilic cyanobacterium, T. elongatus, has also
three different psbA in its genome [30]. It has been reported that in
T. elongatus psbA1 was constitutively expressed under the laboratory
growth conditions (40–60 μmol photons m−2 s−1, 45 °C), whereas
the transcription of the psbA3 gene was induced by high light or UV
light [24,25,31]. Recently [31], it has been shown that under high
light the percentage of the PsbA3 protein in PSII corresponded to
the transcript level.
In T. elongatus, the processed PsbA3 (344 amino acid residues) dif-
fers by 21 residues from the processed PsbA1 (see supplementary
material in [28] for the location of these 21 amino acids). Some of
these 21 changes appear to be mainly conservative but must include
side chains that are involved in a network of interactions between
PsbA and the other PSII subunits [32]. Amongst the 21 amino acids
which differ, the residue at position 130 has caught much attention.
It is a Gln in PsbA1 and a Glu in PsbA3. The Gln to Glu exchange sta-
bilizes the PheoD1•− anion radical [33–36] and, accordingly, the mid-
point potential of PheoD1/PheoD1− has been shown to be increased by
17 mV from −522 mV in PsbA1-PSII [37] to −505 mV in PsbA3-PSII
[28]. Since this increase is about half that found in the single D1-
Q130E site-directed mutant in Synechocystis PCC 6803 [33–36] we
have proposed that the effects of the D1-Q130E substitution could
be, at least partly, compensated for by some of the additional
amino-acid changes associated with the PsbA3 for PsbA1 substitution
[28]. The electron transfer rate between P680•+ and TyrZ was also
found faster in PsbA3 than in PsbA1 upon Mn-depletion which sug-
gests a change in either the midpoint potential of either TyrZ or
P680•+/P680 couple (and hence that of P680•+/P680) [28]. The temper-
ature dependences of the S2QA•− charge recombination have shown
that the strength of the H-bond to PheoD1 is not the only functionally
relevant difference between the PsbA3-PSII and PsbA1-PSII [38] and
that the environment of QA (and, as a consequence, its redox poten-
tial) is also likely modiﬁed. The exchange of Ser270 in PsbA1 for
Ala270 in PsbA3 has been suggested to inﬂuence the stabilization of
the sulfoquinovosyl-diacylglycerol, which locates between QB and
non-heme iron [28,32]. Maybe as a consequence, the binding of bro-
moxynil in PsbA3-PSII and in PsbA1-PSII has been found to differ sug-
gesting that the QB pocket had different properties [39]. It has also
been found that very likely the midpoint potential of the FeIII/FeII cou-
ple was higher in PsbA1-PSII than in PsbA3-PSII [39].
PSII is exposed to photo-oxidative stress and the percentage of ac-
tive PSII results from a balance between repair processes and processes
like i) electron donor side damage, e.g. [40,41], ii) electron acceptor side
damage, e.g. [42], and iii) inhibition of the transcription/translation pro-
cesses, for recent reviews on this topic see [43–45]. PSII has several pro-
tection systems against photo-oxidative damage, and these include
activation of the xanthophyll cycle in higher plants (for review, see
[46,47]) and quenching of singlet oxygen by cofactors of PSII (forreview, see [48–50]). In addition to these protection systems, it is
known that the turnover of the D1 protein is accelerated under the
light stress conditions (for review, see [51–54]). For the assembly and
synthesis of the de novoD1 protein in PSII complex, the old D1 polypep-
tide is digested by speciﬁc proteases such as FtsH and Deg/HtrA [54],
and then the newly synthesized D1 is assembled into the PSII complex
(for review, see [55–58]). Under the conditions in which the D1 turn-
over is increased, both the rate of transcription and translation from
the D1 gene, psbA, must be important for maintaining the PSII complex
with a functional structure, e.g. [31].
In this communication, the sensitivity to high light illumination of
whole T. elongatus mutant cells containing either only PsbA1-PSII or
only PsbA3-PSII was studied. First, a deletion mutant containing
only the psbA1 gene has been constructed. Then, PsbA1-PSII contain-
ing cells, hereafter calledWT*1, and PsbA3-PSII containing cells, here-
after called WT*3, were illuminated for various periods either in the
absence or the presence of lincomycin, a protein synthesis inhibitor,
e.g. [31,32]. The O2 evolution was measured together with the D1
and Cytc550 content and the capability to form the S2-state under illu-
mination. For the latter experiment, thylakoids were isolated from
the whole cells and S2-state formation was followed by using the S2
EPR multiline signal as a spectroscopic probe. The O2 evolution was
found to decrease faster in WT*1 cells than in WT*3 cells both in
the absence and in the presence of lincomycin. The D1 content
revealed by western blot analysis decayed similarly in both cells
and much slowly than O2 evolution. The faster decrease in O2 evolu-
tion in WT*1 cells was found to correlate with a much faster inhibi-
tion of the S2-state formation than in WT*3 cells.
2. Materials and methods
2.1. Construction of T. elongatus mutants
The construction of the ΔpsbA1ΔpsbA2 deletion T. elongatusmutant
(WT*3) has been previously described in [59].
For making the ΔpsbA2ΔpsbA3 deletion T. elongatusmutant (WT*1),
two plasmid DNA, pBΔpsbA2 and pBΔpsbA3, were constructed for the
transformation of T. elongatus cells. For the construction of pBΔpsbA2,
a DNA fragment of ≈2000 bp of the psbA1 gene (tlr1843) including
the 5′-ﬂanking region was cloned from T. elongatus wild-type genomic
DNA by PCR ampliﬁcation and subcloned into a plasmid vector pBlue-
script II SK+at Sac I and Hinc II sites. Then, a separately ampliﬁed
≈1000 bp DNA fragment of the 3'-ﬂanking region of psbA2 was ligated
to the subcloned plasmid vector at Hinc II and Kpn I. Then, a chloram-
phenicol resistance gene cassette (≈1300 bp) was inserted between
the psbA1 and the 3′-ﬂanking region of psbA2 atHinc II. For the construc-
tion of pBΔpsbA3, a DNA fragment of≈900 bp of the 3′-ﬂanking region
of the psbA3 (tlr1477) was cloned from T. elongatus wild-type genomic
DNA by PCR ampliﬁcation and subcloned into a plasmid vector pBlue-
script II SK+between Sac I and EcoR I sites. Then, a spectinomycin/
streptomycin resistance gene cassette (≈2000 bp) was inserted at Pst
I and Sac I. Then, a separately ampliﬁed ≈1100 bp DNA fragment of
the 5′-ﬂanking region of psbA3 was ligated to the subcloned plasmid
vector at Sph I and Pst I.
For deletion of both psbA2 and psbA3 from T. elongatus genome
DNA, ﬁrst, the psbA2 gene was deleted from T. elongatus 43-H strain
that had a His6-tag on the C-terminus of CP43 [60] by replacement
of a chloramphenicol resistant cassette using the plasmid pBΔpsbA2.
The transformants were selected with kanamycin and chloramphen-
icol. Then, the psbA3 open reading frame on the genome of the
obtained T. elongatus ΔpsbA2 mutant cells was deleted by substitution
of spectinomycin/streptomycin resistant cassette by using the plas-
mid pBΔpsbA3 DNA. In both cases, the plasmid DNA was introduced
into T. elongatus host cells by electroporation (BioRad, Gene Pulser)
as described in [60]. The transformants were selected as single colo-
nies on DTN agar plate containing appropriate antibiotics (25 μg of
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cin mL−1 and 5 μg of chloramphenicol mL−1). Segregation of all genome
copies was conﬁrmed by difference in length of ampliﬁed DNA by PCR
using the P1 primer (5′-ACAACTGCGTATTTAGTTTTACTAACAATAA-3′)
and P2 primer (5′-GGACTTATCACTACTTATCACTAGAGAGGT-3′) for
psbA1 and psbA2, and using the P3 primer (5′-GGTTGGATCCCCAGCCAGC-
GATCGCGGGAG-3′) and P4 primer (5′-CCATGCCCGCAAAACAGC-3′) for
psbA3 as shown in Figs. 1. Complete segregation of the deletion mutants
was conﬁrmed by PCR ampliﬁcation as shown in Fig. 1F. In wild type, a
2600 bp DNA fragment including both psbA1 and psbA2 was ampliﬁed
by P1 and P2 primers (lane 1). In contrast, a 2800 bp fragment (lane 2)
and a 1400 bp (lane 3) were ampliﬁedwith using the same combination
of the primers in WT*1 and WT*3, respectively. In the region of psbA3, a
2200 bp fragment was ampliﬁed with P3 and P4 primers in both wild
type and WT*3 genomes (lanes 5 and 7), whereas a 3100 bp fragment
was ampliﬁed in WT*1 genome (lane 6).2.2. Incubation of cells under high light conditions
To get cells in as much as possible similar physiological states they
were pre-cultivated until O.D.730≈0.7, i.e. in the exponential phase,
at 45 °C under continuous white light (≈60 μmol of photons
m−2 s−1, aquarium type for the ﬂuorescent tubes) and ﬁxed on a ro-
tary shaker (120 rpm). In these conditions both WT*1 and WT*3 cells
have similar growing rates (Fig. 5B). Just before the measurements or
the analyses, the cells were diluted to O.D.730=0.3 (250 mL ﬁnal vol-
ume) into 500-mL Erlenmeyer ﬂasks. High light illumination was
done with ﬂuorescent light tubes (Toshiba Plantlux, Japan, with an1083
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tween 400 nm and 500 nm) with a light intensity equal to≈800 μmol
of photons m−2 s−1 for 4 h. Then, the light intensity was decreased to
≈60 μmol of photons m−2 s−1 for 2 h.When added, the concentration
of lincomycin was adjusted to 200 μg per mL of culture. It has been
checked that a two times larger concentration of lincomycin resulted
in similar results showing that the concentration used here was
saturating.2.3. Oxygen evolution measurements with whole cells
About 30 mL of cells was quickly took out from the 250-mL cul-
tures, and then harvested by centrifugation. After the washing of
the cells in 40 mM MES buffer (pH 6.5) containing 15 mM CaCl2,
and 15 mM MgCl2, they were suspended in the same buffer at a con-
centration of 3 μg of Chl mL−1. Oxygen evolution in whole cells under
continuous high light illumination was measured at 25 °C by polarog-
raphy using a Clark type oxygen electrode (Hansatech) with saturat-
ing white light through infrared and water ﬁlters. The activity was
measured over a period of 1.5 min in the presence of 0.5 mM 2,6-
dichloro-p-benzoquinone (dissolved in dimethyl sulfoxide) as an
electron acceptor.2.4. Preparation of thylakoids
Thylakoids were prepared as already described [59]. For EPR
spectroscopy, thylakoids from several cell cultures were pooled.psbA3
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Thylakoids resuspended in 40 mMMES buffer (pH 6.5) containing
10 mM NaCl, 10 mM CaCl2 and 10 mM MgCl2 were solubilized with
2% lithium laurylsulfate, and then analyzed by SDS-polyacrylamide
gel electrophoresis with a 16–22% gradient gel containing 7.5 M
urea as described in [60]. Seven μg of Chl was loaded on each lane.
Immunoblotting on a polyvinylidene diﬂuoride membrane (Amer-
sham Hybond-P, GE Healthcare)was conducted according to Towbin et
al. [61]. Polyclonal anti-D1 (anti-PsbA2/3 of Synechocystis PCC 6803) an-
tibody and antiserum against Cyt c550 of Thermosynechococcus vulcanus
(gifts from Dr. J.-R. Shen, Okayama University) were used to detect
respective proteins on the blots. The blots were developed with a
goat anti-rabbit IgG-alkaline phosphatase conjugate (Santa Cruz
Biotechnology).2.6. EPR spectroscopy
Cw-EPR spectra were recorded using a standard ER 4102 (Bruker)
X-band resonator with a Bruker Elexsys 500 X-band spectrometer
equipped with an Oxford Instruments cryostat (ESR 900). Thylakoids
samples at 1–3 mg of Chl mL−1 were loaded in the dark into quartz
EPR tubes and further dark-adapted for 1 h at room temperature.
Then, the samples were synchronized in the S1-state with one pre-
ﬂash [62]. Pre-ﬂash illumination was provided by an Nd:YAG laser
(532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-10). After a further
1 hour dark-adaptation at room temperature the samples were frozen
in the dark to 198 K, degassed at 198 K, and then transferred to 77 K
in liquid N2. Illumination of the samples was done at 198 K in solid
CO2-ethanol bath with a 1000-watt Tungsten lamp from which infra-
red light was ﬁltered with water and infrared ﬁlters. Samples were il-
luminated for approximately 20 s.2.7. Optical microscopy
T. elongatus cells were observed with using an ECLIPSE E80i micro-
scope ﬁtted with a DS-Fi1 camera (Nikon).A
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Fig. 2. Relative oxygen-evolving activity of WT*1 (square) and WT*3 (circle) cells in the abs
atively to the activities at 0 h. The value of the activities was ≈230 μmol O2 (mg Chl)−1 h−
measured by using the cells incubated under the high light conditions (HL; 800 μmol of phot
45 °C. The results of ﬁve independent experiments with different batches of cells have been
bars indicate the corresponding standard errors (n=5).3. Results
Fig. 2 shows the O2 evolution activity measured under continuous
saturating white light inWT*1 cells andWT*3 cells, which have either
only PsbA1 or only PsbA3 as D1 protein, respectively. To examine the
effects of high light illuminations on the two different D1 proteins,
the cells were incubated for various periods from 0 to 4 h under a
light intensity close to 800 μmol of photons m−2 s−1 either in the ab-
sence (Panel A) or in the presence (Panel B) of lincomycin, a protein
synthesis inhibitor. After incubation for 4 h, the light intensity was
decreased to 60 μmol of photons m−2 s−1, a growth light intensity
routinely used for cell cultivation. These experiments allow us to sep-
arately monitor the photo-damage and the repair processes.
In the absence of lincomycin, in WT*3 cells (full circles), the O2
evolution decreased during the ﬁrst hour to a value close to 75% of
the starting value and then remained constant during the next 3 h
of high light illumination. When the light intensity was decreased
after cultivation for 4 h under high light intensity, the activity recov-
ered its original value in 1 h or less. In WT*1 cells (full squares), the
O2 evolution decreased during the ﬁrst one hour to a value close to
55% of the starting value and then decreased to 35% in 4 h. When
the light intensity was decreased after cultivation for 4 h under high
light intensity, the activity increased extremely slowly.
Panel B of Fig. 2 shows the results of a similar experiment per-
formed in the presence of lincomycin. During the ﬁrst 4 h under
high light, the O2 evolution activity decreased to 35% of the starting
value in both WT*1 and WT*3 cells. In the ﬁrst 2 h during the high
light irradiation, however, the deactivation of WT*1 (full squares)
was faster than that of WT*3 (full circles), with t1/2≈35 min in
WT*1 cells and t1/2≈53 min in WT*3 cells. Interestingly, in WT*1
cells (full squares), the rate constant for the decrease of the activity
and the ﬁnal value were found to be comparable in the absence and
in the presence of the protein synthesis inhibitor (Panel B versus
Panel A). This result is in agreement with a photo-inhibition process
resulting in the loss of the O2 activity faster than the inhibition of
the D1 protein turnover in WT*1 cells. In contrast, in WT*3 cells, the
PSII recovery seems much faster than in WT*1 cells. This could ex-
plain, at least in part, the higher steady state level of O2 evolution in
WT*3 cells in the absence of lincomycin and also likely by a level ofB
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Fig. 3. Immunoblot analysis of D1 and Cytc550 in the thylakoids from WT*1 (left) and
WT*3 (right) cells which were illuminated by high light in the presence of lincomycin.
With anti-D1 antibody, PsbA1 and PsbA3 were detected inWT*1 andWT*3, respectively.
Numbers (0, 1, 4) indicate the time for high light illumination of the cells. “Six hours”
means illuminated by high light for 4 h, then illuminated by growth light for 2 h.
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Fig. 4. EPR spectroscopy. Light-minus-dark EPR spectra induced by an illumination at
198 K of dark-adapted thylakoids puriﬁed from WT*1 cells (Panel A) from WT*3 cells
(Panel B). The cells were cultivated under strong light for 0 h, 1 h and 4 h before thyla-
koid puriﬁcation. Instrument settings: modulation amplitude, 25 G; microwave power,
20 mW; microwave frequency, 9.5 GHz; modulation frequency, 100 kHz, temperature,
8.5 K. The spectral region corresponding to both TyrD• and P700+ at g=2 was deleted.
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InWT*3 cells, the D1 turnover seems to compensate kinetically, at least
in part, the degradation processes.
Fig. 3 shows immunoblot analyses of the PsbA protein and of the
Cyt c550 in thylakoids from WT*1 and WT*3 cells that were illuminat-
ed with high light in the presence of lincomycin (under the same con-
ditions as those used in Fig. 2B). After the ﬁrst hour under high light
illumination of the cells, the content of PsbA and that of Cyt c550
were constant despite the decrease of the O2 evolution activity.
Then, for periods longer than 1 h, the content of both proteins de-
creased. These results show that after 1 h under high light conditions
the greater inhibition of O2 evolution in WT*1 cells than in WT*3 cells
was not due to a faster protein degradation of the D1 protein but rath-
er to a process occurring before protein degradation and which is fas-
ter in WT*1 cells than in WT*3 cells. This possibility was investigated
with the experiment reported in Fig. 4 below.
Fig. 4 shows the light-minus-dark EPR spectra induced by illumi-
nation at 198 K in thylakoid samples prepared from the cells cultivat-
ed in the same conditions as those used in Figs. 2B and 3. The spectra
were normalized to the same Chl concentration. The magnetic ﬁeld
region shown corresponds to that of the S2 multiline signal. This sig-
nal is centered at g=2 and arises from the Mn4CaO5 cluster in the
MnIV3MnIII redox state and in a spin S=1/2 state (see [63] and refer-
ences therein for a recent discussion). The S2 multiline amplitude
exhibited the same amplitude in the two control samples. The strong
illumination required the use of small culture volumes. Consequently,
whereas the thylakoids prepared from several cultures have been
pooled, the concentration of them could not be as high as that for
control samples. Nevertheless, despites the poor signal-to-noise
ratio of the EPR spectra, it is clear that after cultivation of the cells
for 1 h under high light conditions, the S2 multiline signal amplitude
was hardly affected in thylakoids from WT*3 cells, whereas no S2
multiline signal was detectable in thylakoids from WT*1 cells. After
4 h under high light conditions, the S2 multiline signal was undetect-
able in both samples in agreement with the D1 degradation observed
in Fig. 4 observed under similar culture conditions.
Fig. 4 shows that there was almost no change in the amplitude of
the S2 multiline signal after high light illumination for 1 h in WT*3
cells, whereas the O2 activity decreased to a value close to 70% of
the initial value. For WT*1 cells, the situation is opposite. Whereas
the O2 activity decreased to a value close to 50% of the initial values
after strong illumination for 1 h, the S2 multiline signal was not
detected anymore in the puriﬁed thylakoids. Therefore, it is clear
that the S2 multiline signal formation after incubation for 1 h under
high light conditions was much more affected in WT*1 cells than in
WT*3 cells.
The amplitudes of the effects detected by EPR appeared larger
than those seen in O2 evolution measurements. Several factors
could be at the origin of this difference: i) In WT*1 sample, the S2state may exhibit signals from spin S=5/2 states instead of the S2
multiline signal arising from a spin S=1/2 state (unfortunately, it
seems impossible to detect the high spin signals with such samples),
ii) a sample with no O2 evolution activity can exhibit a S2 multiline
signal like Ca2+-depleted PSII [64], iii) the weak signal-to-noise
ratio of the spectra due to the reasons explained above does not
allow us to say that the amount of the S2 multiline signal after 1 h
under strong illumination is 100% in WT*3 and 0% in WT*1, iv) the
200 K illumination procedure does not allow us to detect a possible
increase in the miss parameter which could participate to a decrease
of the O2 evolution activity. The four points mentioned above indicate
that the EPR data are useful to show a tendency but cannot match
perfectly the O2 evolution activity.
Fig. 5 reports to which extent the different photodamages and re-
pair efﬁciencies which are evidenced above affect the growing of
WT*1 and WT*3 cells compared to that of 43-H (i.e. wild type cells
with a His6-tag attached on CP43). Under very weak light (Panel A,
10 μmol photons m−2 s−1), the growing rates were similar in the 3
strains although the length of the lag phase increased with the fol-
lowing order WT*1>43-H>WT*3. Under a growth light intensity
(Panel B, 60 μmol photons m−2 s−1), both the lag phases and the
growing rates were similar in 43-H and WT*3, whereas in WT*1 the
lag phase got considerably longer and the growing rate was much
smaller. These results showing a longer lag phase in WT*1 than in
WT*3, especially under stronger light illumination conditions, suggest
that T. elongatus cells expressing only psbA1 gene are easily affected
by strong light. These phenomena are in agreement with the ob-
served faster degradation of WT*1 cells under high light illumination.
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Fig. 5. Cell growth of 43-H (triangle),WT*1 (square) andWT*3 (circle) strains under the light condition of (A) 10 μmol of photons m−2 s−1 and (B) 60 μmol of photons m−2 s−1 at 45 °C.
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Fig. 6. Optical micrograph of T. elongatus 43-H, WT*1 and WT*3 cells grown under low light intensity at 10 μmol of photons m−2 s−1 (A) and relatively strong light intensity at
80 μmol of photons m−2 s−1 (B). The bars represent approximately 5 μm.
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WT*1 cells. Whereas the 43-H, WT*1 and WT*3 cells had similar
shape under weak light (Panel A), the shape of the WT*1 cells was
signiﬁcantly altered under strong light intensities, whereas the
shape of both 43-H and WT*3 cells remained normal (Panel B).
4. Discussion
The objective of the present work was to reveal the differences
between PsbA1-PSII and PsbA3-PSII containing cells when they are
incubated under strong light illumination. In addition to the previous-
ly reported differences in the properties of some cofactors between
PsbA1-PSII and PsbA3-PSII and summarized in the introduction sec-
tion, e.g. [24,28,31,32,39,65], it is shown here that under illumination
with high light the steady state level of active PSII is higher in WT*3
cells than in WT*1 cells (Panel A of Fig. 2). This shows that the dam-
age processes differ depending on which psbA gene is expressed. This
is in agreement with earlier works showing that high light illumina-
tion of cells containing the threes psbA genes induced an increase of
the psbA3 transcript [24,25,31] and consequently in a similar increase
in the proportion of PsbA3-PSII [31].
In the initial step of the photo-inhibition process (i.e. during the ﬁrst
one hour under strong illumination), the loss of O2 evolving activity in
the presence of lincomycin was not due to a decrease of the D1 protein
content which was not affected both in WT*1 and WT*3 cells. Instead,
after high light illumination for 1 h, the greater inhibition of O2 evolu-
tion in WT*1 correlated with an inhibition of the S2-state formation
which occurred faster in WT*1 cells than in WT*3 cells. EPR results
have also shown that a large signal between 3500 and 3800 gauss
seemed also to appear in WT*1 cells strongly illuminated for 1 h. Since
this light induced signal was not detected neither in the two control
samples (0 h) nor in the PsbA3-thylakoid sample after high light illumi-
nation for 1 h, it seems unlikely that this signal arises from Photosystem
I. Recently, a large signal similar to that one and attributed to amodiﬁed
form of FeIIQA•− signal was observed under reducing conditions
(Sedoud and Rutherford, manuscript in preparation, personal commu-
nication). This suggests that the reduction of QA, possibly in a modiﬁed
environment, occurred at 200 K in the thylakoids prepared from strong-
ly illuminatedWT*1 cells and that the faster loss of the S2 multiline sig-
nal formation originates from a photo-inhibition process which
occurred on the electron donor side of PsbA1-PSII. So, in the beginning
of the photo-inhibition process in PsbA1-PSII the S1 to S2 transition in-
duced by 200 K illumination was inhibited before the inhibition of the
QA reduction although we also observed a modiﬁcation of the FeIIQA•−
EPR signal under these conditions.
Panel A in Fig. 2 shows that the repair of the D1 protein in WT*3
was much faster upon the decrease of the light intensity, when the
transcript originates from the psbA3 gene rather than from psbA1
gene. This result suggests that either the PSII disassembly/reassembly
process, e.g. [66] for a recent review, to insert the newly synthesized
D1 protein or the transcription process or the translation process, or
all these processes, is (are) much more efﬁcient in WT*3 cells than
inWT*1 cell. A change in the efﬁciency of the disassembly/reassembly
process could be related to a previous work suggesting that the 21-
amino acid substitutions between PsbA1 and PsbA3 must include
side chains that are involved in a different network of interactions be-
tween PsbA and the other PSII subunits [32].
The inhibition of the activity by high light illumination of ΔpsbA3
cells (i.e. of cells having both psbA1 and psbA2 in their genome) was
also interpreted as arising from a down regulation of the psbA1 tran-
scription [31]. This down regulation was supposed to result in a
lower amount of PsbA1-PSII under high light conditions. Nevertheless,
the results in Fig. 3 show that under the high light conditions in which
the down regulation of the psbA1 transcription is expected to occur, the
amount of the PsbA1 protein was similar to that of the PsbA3 protein
after strong illumination for 1 h. These data were obtained in thepresence of lincomycin but it seems unlikely that in the absence of lin-
comycin the PsbA1 content would be lower. So, it seems that this down
regulation does not affect the PsbA1 content during the ﬁrst hour of
strong illumination, at least when the psbA2 and psbA3 genes are delet-
ed. Yet, in our work (and in [31]), the faster recovery under low light
intensity of the O2 activity in WT*3 cells than inWT*1 cells after an ex-
posure of the cells to strong light intensity is difﬁcult to rationalize with
the observation that under the same low light intensity the PSII in wild
type (or 43-H) cells is constituted of PsbA1. Relevant to this question, it
is striking that under low light conditions WT cells synthesized the
psbA1 mRNA and almost not the psbA3 mRNA (only PsbA1 is found in
PSII) [31] whereas under similar low light conditions WT*3 cells efﬁ-
ciently synthesized the psbA3 mRNA. This suggests a mechanism,
which remains to elucidate, in which under low light conditions the
synthesis of psbA1 mRNA affects that of the psbA3 mRNA.
We have observed that the lag phase of psbA3-deleted mutant
(WT*1·2) cells which still therefore contained both the psbA1 and
psbA2 genes was shorter than that of WT*1 cells (this strain contains
only the psbA1 gene) under the illumination of 10 and 60 μmol
photons m−2 s−1 (see Supplementary, S1). These results suggest
that the psbA2 gene present in the psbA3-deleted mutant in [31]
could be possibly transcribed during the lag phases in both low
light and middle light conditions.
The photo-inhibition process generally is accompanied by a pro-
duction of reactive oxygen species (ROS) and it has been proposed
that in cyanobacteria these ROS suppress the de novo synthesis of pro-
teins, in particular, the D1 protein, e.g. [67]. So, it seems likely that
PsbA1-PSII produces more ROS under strong light illumination than
PsbA3-PSII. Such a possibility required to be tested in future works.
One of the ROS is the singlet oxygen species and this species has
been shown to be formed by a reaction between O2 and the Chl triplet
state which is generated by charge recombination between P680•+
and PheoD1•−, e.g. [68,69]. In recent discussions [28,68], it was
pointed out that the decrease in the energy gap between PheoD1•−QA
and PheoD1QA•− in PsbA3-PSII would make the repopulation of the
PheoD1•−QA state to the detriment of the direct charge recombination
between P680•+ and QA•− easier in PsbA3-PSII than in PsbA1-PSII
when charge recombination occurs from the PheoD1QA•− state. Since
the 3[P680•+PheoD1•−] may be formed from the 1[P680•+PheoD1•−]
state this would imply that ﬁnally PsbA3-PSII would be more suscepti-
ble to photodamage than PsbA1-PSII. This is a surprising consequence
of the D1 substitution since PsbA3 is produced preferentially under
high light conditions and since this is not observed in the present
work. To get round this contradiction, it has been proposed that in
fact the 1[P680•+PheoD1•−] to P680PheoD1 charge recombination
occurs in the inverted Marcus region where the rate of the reactions
increases when the driving force decreases [68]. This means that
the 1[P680•+PheoD1•−] to P680PheoD1 charge recombination in
PsbA3-PSII would occur faster to the detriment of the population of
the 3[P680•+PheoD1•−] state. Although this mechanism could be in-
deed involved in PsbA3-PSII, this reasoning was only based on the
consequences of the D1-Q130E substitution and we know now that
the redox potential of almost all cofactors on the electron acceptor
side is likely affected by the PsbA1 to PsbA3 substitution. Indeed, it
has been very recently found that the redox potential of the QA/
QA•− couple was less negative in WT*3-PSII than in WT*1-PSII and
that this increase in the Em value was larger than the increase of
the Em of the PheoD1/PheoD1•− couple (Kato et al. manuscript in
preparation). This consequently results in a higher energy gap be-
tween the PheoD1•−QA and PheoD1QA•− in WT*3 than in WT*1 PSII
and therefore to an expected lower 1O2 production in WT*3 PSII.
The possible higher production of ROS in WT*1 cells under high
light conditions could be at the origin of the modiﬁed shape of the
cells. Therefore, under strong light intensities the cell division could
be also altered. Indeed, the cell division includes a cascade of events
(see [70] for a review of the assembly, maintenance and disassembly
1329S. Ogami et al. / Biochimica et Biophysica Acta 1817 (2012) 1322–1330of the Z ring in elongated cells) and we expect that when the shape of
the cells is modiﬁed, the efﬁciency of this cascade of events decreases
because the sites on the membrane on which the initiation of the cell
division occurs are no longer recognized. Alternatively, this could be
either the assembly or the maintenance or the disassembly of the Z
ring during the cell division which is perturbed. In both cases, either
a modiﬁcation of the shape in ﬁrst which makes more difﬁcult the di-
vision process or an alteration of the divisome which results in a
modiﬁcation of the cellular shape, the production of reactive oxygen
species is likely at the origin of the phenomenon.
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